A kind of all-fiber magnetic field sensing structure is proposed and demonstrated here. The sensing element includes a microfiber knot resonator (MKR) cladded with magnetic fluid (MF). The low-index MgF 2 slab is adopted as the substrate. The sensitivity increases with the decrease of the MKR ring diameter. The achieved maximum magnetic field sensitivity is 277 pm/mT. The results of this work have the potential to promote the development of magnetically controllable optical devices and the design of ultra-compact cost-effective magnetic field sensors.
Introduction
Recently, the micro-nano fiber (MNF) ring resonator has been intensively investigated for its ability to measure various physical parameters, such as magnetic field, temperature, bio-chemical solution, current, salinity, force, electric field, and refractive index (RI) [1] [2] [3] [4] [5] [6] [7] [8] . The advantages of the structure lie in its small size, anti-interference, quick response, high resolution, low detection limit and high sensitivity [9] [10] [11] [12] [13] [14] [15] [16] . Among various MNF ring resonators, the microfiber loop resonator (MLR), microfiber knot resonator (MKR) and microfiber coil resonator (MCR) attract particular interest [17] . Compared with the MLR and MCR, MKR is an outstanding MNF ring resonator due to its stable performance and adjustable free spectral range (FSR). Li et al. have demonstrated the all-fiber magnetic field sensor based on MKR and magnetic fluid (MF) with a sensitivity of 3 pm/mT [4] . Amili et al. have designed a magnetically controllable silicon microring with ferrofluid cladding and obtained a magnetic field sensitivity of 1.68 pm/Oe [18] .
In this work, a fiber-optic magnetic field sensor based on MKR with MF cladding is proposed and experimentally demonstrated. The MgF 2 slab with low RI is used as the substrate to support the MKR, which will result in the large evanescent field of the MKR accessing the MF cladding. Therefore, the transmission spectrum of the MKR is highly sensitive to the external RI. The sensitivity is greatly improved. In addition, the proposed MKR sensor has the potential to be utilized in some harsh conditions, such as in narrow gaps and remote monitoring.
Fabrication and Sensing Principle
To fabricate the MKR, the single-mode fiber is tapered into microfiber with the flame-heated taper-drawing technique [19] . The diameter of the as-fabricated microfiber is 4 µm. Then, the microfiber is knotted to obtain the MKR with desired ring diameter. The MKR is placed on the low-index MgF 2 Sensors 2018, 18, 4358 2 of 6 slab and fixed with UV glue at the non-tapered area. Finally, the MKR with MgF 2 substrate is inserted into a glass cell filled with MF. The employed MF is a water-based MF with a density of 1.06 g/cm 3 at 25 • C, which is provided by Beijing Sunrise Ferrofluid Technological Co., Ltd., Beijing, China. The diameter of the magnetic nanoparticles is around 10 nm. The RI of MgF 2 slab is~1.37, which is much smaller than that of microfiber. This will avoid the leaking of MKR evanescent field into the substrate. Therefore, most of the MKR evanescent field can penetrate into the surrounding medium (MF). Thus, the sensitivity of the structure will be improved.
The optical micrographs of the as-fabricated MKRs are shown in Figure 1 . The ring diameters D are 155, 289, 328 and 594 µm, respectively. There is a slight deviation from an absolutely perfect circle for the as-fabricated structures, especially for those with large diameters.
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Conclusions
In conclusion, the MKR combined MF is proposed for magnetic field sensing. The resonance wavelength varies approximately linearly with the applied magnetic field. The obtained magnetic field sensitivity is 277 pm/mT for the MKR with a ring diameter of 155 nm. As the diameter of MKR decreases, the sensitivity of the structure increases correspondingly. The sensor designed in this paper can adjust the Q value and sensitivity by micro-operation. It is also easy to fabricate and integrate with traditional optical fibers, and it can be applied to a variety of microphotonic devices.
